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1. In t roduct ion  
Liquid m e t a l  corrosion inves t iga t ions  have been s t imulated recent ly  
by t h e  increased i n t e r e s t  i n  f a s t  reac tors  [l]. A l s o ,  space power systems re- 
qu i r e  l i qu id  m e t a l s  both f o r  coolants and f o r  working f l u i d s  i n  Rankine cycle  
power conversion systems [2 ] .  
t he re fo re  been expanded t o  include N a ,  K, R b ,  Cs and Hg f o r  high temperature 
bo i l ing  systems. 
The scope of l i qu id  metal i nves t iga t ions  has 
. This paper w i l l  review the cu r ren t  t heo r i e s  of l i q u i d  metal  corro- 
s ion ,  t he  methods employed i n  l iquid m e t a l  t e s t i n g  and ana lys i s ,  and t h e  s ta te  
of t h e  a r t  of each of t he  a l k a l i  metals, Hg, and l i qu id  a l l o y s  containing Pu. 
2.  Mechanisms 
Liquid m e t a l  corrosion arises from a thermodynamic imbalance a t  t he  
i n t e r f a c e s  between l iqu id  and so l id  m e t a l .  
[3] :  d i s so lu t ion  and p rec ip i t a t ion  under a temperature d i f f e r e n t i a l ,  migration 
under an a c t i v i t y  grad ien t ,  o r  penetrat ion of  t he  s o l i d  by t h e  l iqu id .  
Several  types have been observed 
DISSOLUTION CORROSION i s  pr imari ly  a function of t h e  s o l u b i l i t y  of 
t h e  s o l i d  i n  t h e  l i qu id  and i t s  change with temperature. 
t h e  ra te  of so lu t ion  is ve loc i ty  dependent. 
t h e  t r a n s f e r  of atoms of t h e  s o l i d  i n t o  t h e  immediately adjacent  l i qu id  i s  
more rapid than t h e i r  subsequent migration through t h e  l i qu id .  
I n  near ly  a l l  cases 
A poss ib le  explanat ion is t h a t  
A t  any poin t  x i n  a corroding system the so lu t ion  rate R depends on 
t h e  s o l u b i l i t y  So, t h e  concentration of t h e  dissolved spec ies  i n  so lu t ion  S, 
and a so lu t ion  ra te  (mass-transfer) c o e f f i c i e n t  a :  R X = a x o  (S -S)x. When l iq-  
u id  d i f fus ion  is  con t ro l l i ng  the  so lu t ion  r a t e ' i n  a flowing system, a i s  a 
funct ion of t h e  d i f f u s i v i t y  of t he  d isso lv ing  species ,  t h e  phys ica l  p rope r t i e s  
of the l iqu id ,  t h e  system geometry, and t h e  ve loc i ty  v;  (So-S) 
of the temperature d i f f e r e n t i a l  AT. 
The same voe8  dependence has a l s o  been observed i n  systems which do not appear 
is a funct ion 
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t o  be pr imari ly  d i f fus ion  l imited.  Estimation of t he  dependence of R . w i t h  T o r  
AT requi res  knowledge of t he  temperature dependence of both a and S 
b 
0. 
Equations now used t o  describe mass t r a n s f e r  k i n e t i c s  assuming uni- 
form d i s so lu t ion  are genera l ly  based on a hea t  t r a n s f e r  analogy, The ea r ly  
Epstein-Weber-Brooks [4 ]  equation for  the maximum corrosion rate i n  a closed 
loop i s  limited t o  small AT’S; Epstein [5] has recent ly  proposed an equation 
appl icable  t o  systems w i t h  l a rge r  AT’S and large,  e s s e n t i a l l y  isothermal a reas  
a t  both the hot and cold sec t ions  of a loop. O t h e r  genera l  equations have been 
given by Bonil la  e t  a l .  [5,6] for l iqu id  d i f fus ion ,  by Keyes [7 ]  f o r  both l iq- 
u id  and so l id - s t a t e  d i f fus ion  and by G i l l  e t  a l .  [ 8 ]  f o r  p a r t  l i qu id  and p a r t  
so l id- l iqu id  cont ro l led  reac t ions .  These treatments requi re  knowledge of the 
f l o w  parameters, a (obtained from disso lu t ion  r a t e  experiments),  So, and t h e i r  
changes with temperature. when S increases  rap id ly  w i t h  temperature, most 
corrosion occurs loca l ly  near the m a x i m u m  temperature; the in tegra ted  mass 
t r a n s f e r  M can be estimated [SI from the equation M = a 
(‘0~ max OT min 
loops w i t h  large,  near ly  isothermal a reas  d i s so lu t ion  o r  deposi t ion may de- 
crease along t h i s  region (downstream effect) [ 101. 
0 
A ASo, where AS = T max 0 
-S ) and A i s  the small ho t  area.  It  has been observed t h a t  i n  
The presenta t ion  t o  this  poin t  la rge ly  ignores p rec ip i t a t ion .  I f  
t h e  high and low temperature react ions are the exact  reverse  of each other ,  the 
l o w  temperature reac t ion  w i l l  cont ro l  t he  ove ra l l  mass t r a n s f e r  r a t e ,  s ince  
the rates of r eve r s ib l e  reac t ions  usual ly  increase w i t h  temperature. This ex- 
act r e v e r s i b i l i t y ,  imp l i c i t  i n  many formulations w h i c h  include the low-temp- 
e r a t u r e  d i s so lu t ion  r a t e  constant  a has been demonstrated i n  high temp- 
e r a t u r e  N a  by Holman [loa]. However, when the so lu t e  reaches sa tu ra t ion  i n  the 
l i q u i d  a t  the  minimum temperature, p rec ip i t a t ion  occurs which o f t en  i s  s t h e  
reverse  of the d isso lu t ion :  h e a t  flows through the boundary layer  more rap id ly  
than  so lu t e  atoms [5] so tha t  the so lu t e  may not have t o  d i f f u s e  through the 
sur face  boundary layer  t o  nucleate. Also, the p r e c i p i t a t e ,  once formed, causes 
a f l a w  d iscont inui ty  w h i c h  e f f ec t ive ly  reduces the d i f fus ion  d is tance  f o r  so- 
C’ 
/ l u t e  p rec ip i ta t ion .  
Sol id-s ta te  d i f fus ion  controls  d i s so lu t ion  a t  temperatures a t  which 
the more soluble  (minor) cons t i tuent  of t he  a l l o y  d i f f u s e s  t o  t h e  so l id- l iqu id  
i n t e r f a c e  more rap id ly  than t h e  less-soluble (major) cons t i t uen t  d i sso lves  
Keyes [ 7 ] ,  and Harrison and Wagner [ll] have t r e a t e d  t h i s  case: the  l a t t e r  pre- 
d i c t e d  a sine-wave shape of t h e  sol id- l iquid in te r face .  When the  so lu t e  is  re- 
moved from so lu t ion  pr imari ly  by d i f fus ion  i n t o  the  s o l i d  metal, the low temp- 
erature d i f fus ion  r a t e  may control  mass t r a n s f e r .  
I I n  bo i l ing  systems solut ion a t t ack  by the  f r e s h  condensate is ex- 
pected t o  be rapid s ince  S a .  Prec ip i ta t ion  may occur a t  t he  boi l ing  in t e r f ace  
where the l i qu id  l o c a l l y  becomes supersaturated by evaporation, o r  on the  
I -2- 
superheater sur face  
b Radiation 
i n  N a  systems [ l l a ]  
where entrained l i qu id  d rop le t s  a r e  vaporized. 
has not been found t o  enhance liquid-metal corrosion e i t h e r  
o r  Z r  inh ib i ted  B i .  Changes i n  composition of the l iqu id  
metal due t o  nuclear transformations may make it more corrosive.  
ACTIVITY GRADIENT MIGRATION, which can be independent of AT, a r i s e s  
when a metallic o r  non-metallic cons t i tuent  exh ib i t s  a d i f f e r e n t  a c t i v i t y  i n  
two s o l i d  a l loys  contact ing the l iqu id ,  o r  i n  a l iquid-sol id  couple. 
Migration of meta l l ic  cons t i tuents  includes : (1) isothermal mass 
t r a n s f e r  of a pure metal r e su l t i ng  i n  e tching of high-energy boundaries and 
c r y s t a l l i t e  deposi t ion [ l 2 ] ,  ( 2 )  t r ans fe r  between two s o l i d  metals o r  a l l o y s  t o  
equal ize  a c t i v i t y  of cons t i t uen t s  in contac t  with the  l i qu id  [3], o r  (3 )  s u r -  
face deposi t ion of a dissolved metal i n h i b i t o r  [13]. 
Migration of non-metallic cons t i t uen t s  o f t en  cont ro ls  t h e  se l ec t ion  
of materials f o r  a lka l i  metal containment. 0 i n  Na is  known t o  acce le ra t e  mass 
t r a n s f e r  [141. The e f f e c t  of 0 on s t e e l s  is probably due t o  t h e  formation of a 
so luble  mixed oxide such as (Na20)2Fe0 [12,15], Weeks and Klamut [9] a t t r i b u t -  
ed t h e  increase i n  t h e  s o l u b i l i t y  of Fe i n  0-saturated N a  [16] t o  formation of 
t h i s  compound, and used these da ta  t o  estimate i ts  free energy of formation. 
Mottley [17] ,  using these  same data ,  formulated mass t r a n s f e r  equations f o r  
steels i n  0-contaminated Na, assuming t h e  ra te -cont ro l l ing  step t o  be migration 
of FeO (or  t h e  mixed oxide) through the l iqu id .  
The e f f e c t  on corrosion of a lka l i - r e f r ac to ry  metal mixed oxides ap- 
pears t o  increase w i t h  t h e  atomic weight of t h e  a lka l i  metal. 
0 i n  L i  and N a  has  been ca lcu la ted  from an i d e a l  so lu t ion  l a w  approximation; 0- 
exchange with r e f r ac to ry  metals calculated on t h i s  b a s i s  compares favorably 
with experiment [9].  0-exchange ca lcu la t ions  i n  K, however, do not agree w e l l  
wi th  experiment [18], possibly due t o  the  formation of mixed oxides. Studies  
with Rb and C s  suggest t ha t  mixed oxides also play an important r o l e  in cor- 
ros  ion  by them. 
The a c t i v i t y  of 
Carbon t r a n s f e r s  through a l k a l i  metals when the re  is  a C a c t i v i t y  
d i f fe rence  between a l l o y s  [19]. 
f r e e  C by N a ,  corrosion r e s u l t s  suggest  t h a t  C and 0 may be associated i n  N a  
containing more than 50 p p m  0 [19,20]. 
Although CO, Na2C03 e t c .  should be reduced t o  
Nitrogen is  an especially ser ious  contaminant i n  L i  [21] .  N may m i -  
g r a t e  through Na and embrittle the surface of steels o r  r e f r ac to ry  metals. N 
can be introduced i n t o  Na from a cover gas impurity through assoc ia t ion  w i t h  
d issolved meta l l ic  impuri t ies ,  notably C a .  
Hydrogen [22] migration through a l k a l i  metals is  usual ly  not se r ious  
except during r eac to r  shutdowns, s i n c e  hydrides which can cause embrittlement 
do not p r e c i p i t a t e  i n  most so l id  a l loys  above 40OoC. 
PENETRATION by a l iqu id  metal i n t o  the  gra in  boundaries of a s o l i d  
-3 - 
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metal occurs when t h e  g ra in  boundary i n t e r f a c i a l  energy y 
t w i c e  t h e  so l id- l iqu id  i n t e r f a c i a l  energy y [233. Penetrat ion under s t r e s s  
may occur when t h e  l i qu id  lowers the surface energy of the  s o l i d  and the re fo re  
the  energy required t o  separa te  atoms of t he  s o l i d  metal  [24]. Weeks [25] has  
suggested an empir ical  method of estimating t h e  i n t e r f a c i a l  surface energy from 
s o l u b i l i t y  data .  
3. 
i s  g rea t e r  than B 
b 
SL 
Liquid Metal Impurity Analysis and Monitorinq 
The ana lys i s  of impuri t ies  i n  l i qu id  metals continues t o  be d i f f i c u l t  
The v a l i d i t y  of an a n a l y t i c a l  method is  based on t h e  analyses  of samples con- 
t a in ing  known impuri t ies .  I n  ac tua l  practice the  form of t h e  impurity may not  
be known. Cal ibra t ion  f o r  accuracy and prec is ion  are a l s o  handicapped by lack 
of standard samples, poor techniques f o r  r e p l i c a t e  sampling, and ina t t en t ion  t o  
environmental contamination. 
OXYGEN amalgamation analysis  [26] remains t h e  m o s t  widely used method 
f o r  0 i n  Na and KO Excellent precis ion i s  claimed f o r  low concentrations of 0 
i n  Na using vacuum amalgamation [27]. For 0 l eve l s  <lo0 ppm, good prec is ion  
w a s  found f o r  0 i n  K [28,29]. Amalgamation has been used f o r  0 i n  R b  [30] and 
Cs [31], although it may not be quant i ta t ive  i n  Cs. 
Vacuum d i s t i l l a t i o n ,  popular i n  Europe f o r  determining 0 i n  N a  [32, 
331, has  recent ly  been reac t iva ted  i n  the  U.S, a s  a method f o r  0 i n  Na [34] and 
K [35]. 
gamation a t  0 levels <50 ppm i n  K. 
system pressure w a s  found t o  be marked. Using a r e p l i c a t e  sample of K t h e  f o l -  
lowing w a s  obtained [35]: (1) amalgamation i n  vacuum, 19i3 ppm (6 samples) ; ( 2 )  
d i s t i l l a t i o n  a t  2 ~ 1 0 - ~  t o r r ,  18i1.2 ppm (3 samples): ( 3 )  d i s t i l l a t i o n  a t  5 ~ 1 0 - ~  
t o r r ,  52*19 ppm (4 samples), 
Agreement has been found between vacuum d i s t i l l a t i o n  and vacuum amal- 
The e f f e c t  of r e s idua l  gas a s  manifest by 
The a l k y l  ha l ide  method [36] coupled with infra-red ana lys i s  has 
yielded good prec is ion  e.g. 20i4 ppm f o r  0 i n  Na [38]. However it has been 
judged by some t o  be poor because it is  d i f f i c u l t  t o  remove water from t h e  re- 
agents  [30,35] or because the  r e su l t s  suggest t h a t  oxides r e a c t  with the  re- 
agent [31,37]. 
The methanol method [39] has been t e s t e d  fo r  t he  determination of 0 
i n  L i  [40] and N a  [41]. I n  t he  l a t t e r  exce l len t  prec is ion  was obtained: 3k1.5 
ppm. (Subsequently a blank of 3 ppm was uncovezed [421.) 
The gettering-vacuum fusion method [43] is  lengthy and expensive bu t  
s p e c i f i c  fo r  0; t h e  precis ion is n o t  known. 
K [35,371. 
It has been used f o r  0 i n  Na and 
The l i qu id  ammonia method has been t e s t e d  f o r  0 i n  L i ,  Na, K and CS; 
t he  prec is ion  t o  da te  i s  of the  order of +lo t o  20% a t  the  100 ppm l e v e l  i n  Na 
and a t  the  300 t o  2000 pprn l e v e l  i n  L i  [44j.  
The f luo r ina t ion  method [45,46] is  hazardous, bu t  i s  spec i f i c  fo r  0 ;  
-4 - 
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it has been used f o r  0 i n  L i  [47] and K [48]. 
A n  ac t iva t ion  method which uses thermal neutrons has been t r i e d  f o r  
high ppm 0 i n  L i  [49]. Act ivat ion methods based on f a s t  [35,50] and thermal 
[50] neutrons a r e  cur ren t ly  being studied €or 0 i n  K. These 0-specif ic  methods 
should give acceptable prec is ion  i f  low 0-bearing containers  can be found. 
Other methods f o r  0 i n  a l k a l i  metals are covered i n  recent  reviews 
[341 
CARBON analyses i n  the  a l k a l i  metals a r e  performed by e i t h e r  of two 
oxidat ion methods: wet [51,52] o r  dry combustion [53-551, followed by measure- 
ment of t he  C 0 2  evolved. 
have been reported.  However i n  two recent  round robin analyses  f o r  C i n  N a  
among a dozen labora tor ies ,  t he  data w e r e  highly sca t t e red  [56,57]. I n  these  
ins tances  the  deviat ion appeared t o  be the  r e s u l t  of sample heterogeneity.  
Good recovery and good prec is ion  with known samples 
NITROSEN has been determined i n  L i  by hydrolysis  [58,59] o r  f luor ina-  
t i o n  [47], I n  Na and K t h e  Kjeldahl method [60,61] has  been used. 
HYDROGEN has been determined by isotope d i l u t i o n  with deuterium i n  Na 
and N a K  [62] and by isotope d i lu t ion  with tritium i n  Na [63]. 
MONITORING DEVICES f o r  0 i n  Na include plugging, r e s i s t i v i t y ,  and 
electrochemical meters. The plugging meter i s  widely used i n  Na loops [64]. 
Lately refinements have been made t o  improve the  ease and speed of operation 
[65]. A p rec is ion  of i5 t o  *lo ppm a t  <lo0 ppm 0 is  indicated from recent  da ta  
[34,65]; however, accuracy is  dependent on the  much questioned Na 0 s o l u b i l i t y -  
temperature curve and t h e  presence of p r e c i p i t a t e s  o ther  than Na20. 
2 
The Blake r e s i s t i v i t y  meter [66] i s  claimed t o  have a s e n s i t i v i t y  of 
t h e  order  of a few ppm 0 i n  N a .  Small changes i n  temperature and the  presence 
of impur i t ies  have a la rge  e f f e c t  on t he  measurements. A curren t  evaluat ion 
has found it t o  be use fu l  i n  the  1 0  t o  80 ppm 0 range i n  Na [67]. 
The electrochemical meter proposed by Horsley [68] f o r  0 i n  Na is  now 
under development [69]. A 44 day run was made using Na-Na 0 and Cu-CuO elec- 
t rodes  and a Tho -Y 0 Reproducibil i ty was good: 
however, severa l  hours were needed f o r  equ i l ib ra t ion  when 0 changes occurred. 
The e f f e c t  of mixed oxides has not been evaluated, 
4. Corrosion T e s t  Methods 
2 
s o l i d  e l ec t ro ly t e  a t  375'C, 2 2 3  
Test methods i n  a l l - l i qu id  systems have remained e s s e n t i a l l y  unchang- 
ed over t he  last  decade. However, with t h e  i n t e r e s t  i n  l i qu id  metals a s  work- 
ing f l u i d s  f o r  a Rankine cycle power system 123,  r e f lux  capsule t e s t s  and natu- 
r a l  and forced-convection two-phase loops have been developed [5].  
Reflux capsule t e s t s  l ea s t  simulate se rv ice  condi t ions;  t h e i r  value 
l ies i n  screening materials. Natural-convection loops, which have wel l  defined 
bo i l ing  and condensing areas ,  can be b e t t e r  instrumented and a r e  e a s i e r  t o  i n -  
t e r p r e t ;  however, t he  l i qu id  b o i l s  and condenses a t  t he  same temperature. Only 
-5 - 
. i n  forced-convection loops can service condi t ions be simulated. 
Two-phase tests of ten  su f fe r  from bo i l ing  i n s t a b i l i t y  manifested by . 
slugging and reverse flow with concomitant thermal and mechanical shock and dis- 
rup t ion  of concentrat ion gradien ts .  Consequently t h e  cor ros ion  da ta  from these  
tests should be in t e rp re t ed  with caution. Mit igat ion of bo i l i ng  i n s t a b i l i t y  i n  
corrosion tests i s  discussed i n  recent  r epor t s  [5,69a]. 
Since it has been recognized [5,70] t h a t  corrosion t e s t i n g  of r e f r ac -  
t o r y  m e t a l s  r equi res  a very low concentrat ion of impuri t ies  i n  t h e  t e s t  environ- 
ment, high vacuum t e s t  f a c i l i t i e s  (10 
most of t h e  programs t e s t i n g  these  metals. I n e r t  gas environments a r e  not con- 
s idered  feasible f o r  r e f r ac to ry  metal t e s t i n g  because t h e  low 0 contamination 
l e v e l  required ( < l o  ppm) i s  d i f f i c u l t  t o  monitor, 
5. Lithium 
-7 t o  lo-' t o r r )  are c u r r e n t l y  used i n  
-4 
Corrosion s tud ie s  of Fe, C o  and N i  base a l loys*  i n  L i  have shown t h a t  
t hese  materials are not s a t i s f ac to ry  f o r  prolonged use a t  600-800°C [71]. I n  
recent  years ,  however, s tud ie s  have s h i f t e d  t o  r e f r ac to ry  metals, s ince  these  
m e t a l s  combine except ional  corrosion r e s i s t ance  t o  L i  and high temperature 
s t rength .  Many r e f r ac to ry  m e t a l  capsule tests conducted with L i  a t  temperatures 
up t o  925OC have demonstrated t h a t ,  a t  low contamination l eve l s ,  t h e  s o l u b i l i -  
t ies  i n  L i  of T i ,  Mo, and Nb,  measured i n  r e f r ac to ry  m e t a l  capsules ,  l i e  near 
t h e  limits of de t ec t ion  (about 10 ppm) up t o  925OC [72-741. No ser ious  temp- 
e r a t u r e  grad ien t  mass t r a n s f e r  of re f rac tory  metals by L i  has  been detected i n  
dynamic tests [ 71,751 
Although t h e  pure re f rac tory  m e t a l s  demonstrate exce l l en t  r e s i s t ance  
t o  pure L i ,  impur i t ies  i n  e i t h e r  L i  o r  t he  r e f r ac to ry  m e t a l ,  p a r t i c u l a r l y  0 and 
N, accelerate corrosion. Because 0 has  a r e l a t i v e l y  low chemical a c t i v i t y  i n  
L i ,  it i s  less harmful than N o  N contamination i n  L i  markedly increases  t h e  
apparent s o l u b i l i t i e s  of Fe, C r ,  N i ,  Nb,  and T i  [74]. The apparent s o l u b i l i t y  
of Mo a t  132OOC has been shown t o  be independent of 0 contamination i n  L i  up t o  
5000 ppm [76], and similar behavior would be expected f o r  N b ,  Ta, W, and V. 
The presence of 0 as a n  i n t e r s t i t i a l  impurity i n  Nb o r  Ta r e s u l t s  i n  
rap id  pene t ra t ion  of these  metals by L i  [ 7 7 ] ,  A threshold 0 concentrat ion of 
200-500 ppm i s  required t o  i n i t i a t e  corrosion,  t he  depth of a t t a c k  increasing 
with increasing 0 i n  t h e  s o l i d  metal. The corrosion process involves t h e  
formation of an oxide phase, as yet  un ident i f ied ,  which is  found along g ra in  
boundaries o r  { l l O ]  c rystal lographic  planes.  The addi t ion  of a s t rong oxide 
former such as Z r  markedly increases  t h e  0 threshold needed t o  produce L i  
penetrat ion.  The increased tolerance imparted by Z r  i s  equal  t o  t h e  amount of 
0 which it can t i e  up 3s  ZrO Resistance t o  penetrat ion,  however, depends on 
t h e  form t h a t  0 takes  i n  Nb-Zr a l loys .  Thus, a l l o y s  i n  which 0 e x i s t s  i n  a 
metastable s o l i d  so lu t ion  form are very suscept ib le  t o  L i  penetrat ion.  After  
2 '  
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heat  t r e a t i n g  t o  p r e c i p i t a t e  Zr02 these same a l l o y s  completely r e s i s t  penetra- 
t i o n  by L i  [77,78]. 
The concentration of 0 i n  Z r ,  T i ,  o r  V does not measurably a f f e c t  the  
corrosion r e s i s t ance  of these  metals i n  L i ;  t h e  e f f e c t  of 0 i n  Mo and W on L i  
corrosion has not been evaluated. 
Numerous tests have been conducted t o  determine t h e  compat ib i l i ty  of 
d i s s imi l a r  a l l o y s  i n  L i  [711. Combinations of a l l o y s  i n  L i  which ind iv idua l ly  
r e s i s t  corrosion may ser ious ly  in t e rac t .  For example t h e  proper t ies  of Be and 
Fe ind iv idua l ly  a r e  not modified i n  L i .  When combined Be and Fe a r e  embri t t led 
by in te ra l loy ing .  Systems i n  which both of t h e  components a r e  r e f r ac to ry  m e t -  
a ls  i n t e r a c t  l e s s  than mixed Fe, N i ,  and Co base systems. 
6. Sodium 
Corrosion of a u s t e n i t i c  s t a i n l e s s  and low C r  steels by N a  a t  65OoC i s  
being s tudied i n  forced c i r cu la t ion  loops a s  p a r t  of t h e  AEC Na Components 
Development Program. Variables a r e  maximum temperature, temperature d i f f e r -  
en t i a l ,  0 content of t he  Na, and the a l l o y s  (316 SS, 2 l/4Cr-lMo, 5Cr-l/2Mo- 
1 / 2 T i )  [ l o ] .  Preliminary measurements i nd ica t e  t h a t  t he  average corrosion r a t e  
of 316 SS i s  0.04 m/y r  a t  65OoC i n  15OoC cold-trapped Na [79]. 
under t h e  same condi t ion corrode somewhat less. Microprobe ana lys i s  of cor- 
roded a u s t e n i t i c  s t a i n l e s s  s t e e l  surfaces show t h a t ,  i n  t he  low 0 (-10 ppm) 
systems,  t he  surface layer  is  depleted i n  N i  and C r ,  whereas x-ray f luorescent  
ana lys i s  of surfaces  exposed t o  Na containing higher 0 (-50 ppm) show preferen- 
t i a l  deplet ion of Fe [lo]. These r e s u l t s  suggest t h a t  both a so lu t ion  ( N i  and 
C r )  and a soluble  mixed oxide (Fe) corrosion process are simultaneously ac t ing  
i n  t h i s  temperature range. A downstream e f f e c t  was observed i n  these  loop 
t e s t s  which has been analyzed by E p s t e i n  [5] and Mottley [17]. 
Low-Cr s t e e l s  
Nickel-base a l loys  and a u s t e n i t i c  s t a i n l e s s  s t e e l s  were t e s t e d  i n  Na 
a t  temperatures up t o  815OC a t  ORNL i n  t h e  a i r c r a f t  r eac to r  program [801, 
l i t t l e  t r a n s f e r  o r  corrosion w a s  detected below 70OoC. Above 7OO0C, mass 
t r a n s f e r  of Ni-base a l l o y s  was observed which increased rapidly with tempera- 
t u r e  and l i n e a r l y  with AT and v. The cold leg depos i t s  w e r e  r i c h  i n  N i .  Fe- 
base a l loys  exhibi ted much less t r ans fe r  i n  t he  700-815OC range probably due t o  
t h e i r  lower N i  contenta 0 i n  N a  up t o  500 ppm had l i t t l e  e f f e c t  on mass t r ans -  
f e r  i n  t he  Ni-base systems, whereas 1500 ppm 0 had a s ign i f i can t  e f f e c t .  
V e r y  
Carbon t r anspor t  by N a  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  systems occurs 
i f  a C a c t i v i t y  d i f fe rence  e x i s t s  between a l l o y s  used i n  the  same system or  i f  
a source of C is  acc identa l ly  introduced i n t o  t h e  system. Carburization of 
a u s t e n i t i c  s t a i n l e s s  steels r e s u l t s  i n  some modification of t he  mechanical 
proper t ies  [19];  possible  e f f e c t s  on r eac to r  components have not been evaluated. 
The mechanical property changes of a u s t e n i t i c  s t a i n l e s s  s t e e l  i n  C-saturated Na 
a r e  being s tudied by Andrews and Baker [81]. A t  65OoC, negl ig ib le  C t r a n s f e r  
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was encountered i f  type 316 SS o r  5Cr-1/2Mo-l/2Ti steel  was used separa te ly  o r  
i n  combination [ lo] .  A 0.13 mm carburized surface layer  w a s  found on 316 ss i n  
a 316 SS and 2 1/4Cr-lMo composite system [lo]. 
56OoC, t a b s  of 1 1/4Cr-1/2MoJ 2 1/4Cr-lMo and 5Cr-l/2Mo w e r e  decarburized, 
whereas decarburizat ion of 5Cr-1/2Mo-l/2Ti, 7Cr-1/2MoJ and 9Cr-lMo steels w a s  
negl ig ib le  [82]. C t r a n s f e r  from the hot  t o  the cold leg w a s  observed i n  an 
a l l  2 1/4Cr-lMO system [lo]. 0 up t o  50 ppm appears t o  have l i t t l e  e f f e c t  on 
carbon t r ans fe r .  However, higher  0 concentrations may acce le ra t e  C t r a n s f e r  
[19,20]. A s t a r t  has been made on the  development of compatible a l loys  f o r  Na 
systems which a r e  designed t o  minimize C t r a n s f e r  [83], 
I n  a 304 SS loop operating a t  
The behavior of Ta, Z r ,  V and Nb a l l o y s  i n  s t a t i c  and flowing Na a t  
temperatures near 65OoC a r e  being studied i n  t h e  U.S.A. [84-861 and U,K. [87] 
f o r  f u e l  element claddings f o r  f a s t  reac tors .  Ta i n  cold and i n  hot-trapped 
N a  a t  66OoC [86] l o s t  about 0.2 m / y r  and 0,012 mm/yr, respec t ive ly ,  i n  s t a t i c  
tests, whereas Z r  gained weight i n  cold-trapped systems, 
t es t s ) ,  Ta l o s t  0,0025 m / y r  i n  hot  trapped (e10 ppm 0) N a ,  and 0.075 mm/yr i n  
cold trapped (40 ppm) N a .  Apparently, Ta oxides s p a l l ,  whereas Z r  absorbs 0. 
In te rgranular  a t t a c k  of arc-cast  Ta exposed t o  65OoC Na containing 80 ppm 0 is 
assoc ia ted  with p l a t e l e t s  present  i n  t he  weld zones. 
I n  flowing N a  (50 day 
Niobium and V - b a s e  a l l oys  containing addi t ions  of Z r ,  Mo, T i ,  V, Nb, 
C r  and W were t e s t e d  as i n s e r t s  i n  dynamic systems operating a t  65OoC [84], I n  
7 and 9 day tests i n  which t h e  N a  contained 120-200 ppm 0 and operated a t  a 
flow of 0.15 m / s e c ,  corrosion of V-base  a l l oys  (weight l o s s )  was about an order  
of magnitude less than t h a t  apparently t y p i c a l  of Nb-base a l loys ,  Most promis- 
ing were the  V-1OTi and V-20Ti a l loys  which exhibi ted t h e  least weight loss and 
t h e  th innes t  hard surface layers  [85]. 
The behavior of refractory metal a l l o y s  i s  a l s o  being s tudied i n  boi l -  
ing N a  [5], Nb-1Zr i n  capsules refluxing a t  1205OC and i n  a na tu ra l  c i r cu la -  
t i o n  boi l ing  loop operated a t  109OOC w a s  not a t tacked by N a  a f t e r  5000 hours. 
Mo and Ta t abs  i n  N b - 1 Z r  capsules also r e s i s t e d  a t t a c k  by Na under these s a m e  
condi t ions,  whereas a N b  t a b  was attacked in te rgranular ly  t o  a depth of 3 . 1 5 ~ ~ .  
I n  capsule t e s t s  i n  which a l loy  composition, 0 addi t ions ,  and "ge t t e r s "  were 
s tud ied ,  corrosion was-correlated w i t h  higher than normal N content i n  t h e  a l -  
loy. The exce l len t  corrosion behavior of Nb-lzr w a s  unexpected i n  view of t he  
high s o l u b i l i t i e s  measured i n  preliminary experiments [ 881 
7. NaK 
The containment of NaK was s tudied i n  the  temperature range 54OoC t o  
-
815OC i n  low and high ve loc i ty  loops [80,87]. Tabs of N i - ,  Fe-, and Co-base 
a l l o y s  and Mo and Nb metals w e r e  t es ted  i n  cold trapped-natural  c i r c u l a t i o n  
loops containing e u t e c t i c  N a K  ( 2 2  w/o Na-78 w/o K )  [89] a t  temperatures up t o  
816OC and t e s t  times up t o  5000 hours. None of t he  mater ia l s  was attacked more 
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than 0.08mn; Mo and Nb were the  most r e s i s t a n t .  The amount mass t r ans fe r r ed  
was halved when NaK (56 W/O Na-44 W/O K )  w a s  subs t i t u t ed  f o r  N a  i n  inconel 
forced-circulat ion loops (815OC for  1000 hour) operated under s imi l a r  condi- 
t i o n s  [80], 
8. Potas s ium 
The c O r r O S i O n  behavior of l i qu id  K i s  s i m i l a r  t o  NaK and Na. McKee 
[5] has  compared the  mass t r a n s f e r  r a t e s  i n  l i qu id  N a  and K i n  i d e n t i c a l  316 SS 
thermal convection loops operated a t  a maximum temperature of 870OC. Although 
t h e  r a t e  of mater ia l  t r anspor t  by K i n  a 5000 hour test was a f a c t o r  of t h ree  
lower, corrosion i n  both systems was manifested by s e l e c t i v e  removal of N i  from 
hot-leg regions and formation of a t h i n  f e r r i t i c  sur face  layer .  The mechanical 
proper t ies  of Haynes 25, a s ide  from normal aging, were not a f f ec t ed  by 1000 
hour contact  with K a t  10IO°C i n  capsule and loop tests [90]. 
Studies  of bo i l ing  K contained i n  N i ,  Fe, and C o  a l loys  have been 
made a t  maximum liquid-vapor temperatures ranging t o  87OoC [90,91]. T e s t s  f o r  
1500-3000 hours i n  bo i l ing  K show tha t  type 316 SS and Haynes 25 a r e  equally 
r e s i s t a n t  t o  a t tack .  A t  equivalent temperatures and mass flows t h e  corrosion 
r a t e s  of both a l l o y s  were higher loca l ly  i n  the  condenser a rea  than i n  the  
above a l l - l i q u i d  systems, I n  contrast  t o  a l l - l i q u i d  K systems, corroded areas  
i n  these  bo i l ing  loops were not p re fe ren t i a l ly  leached of any meta l l ic  con- 
s t i t u e n t .  However, a deposi t  of C r  C was found i n  t h e  subcooler of the  316 23 6 
SS loop [91,92], Transfer of C from t h e  condenser t o  the  subcooler w a s  a l s o  
observed i n  inconel and Haynes 25 boi l ing  K loops. 
N i o b i u m  and T a  a l l o y s  a re  considerably more r e s i s t a n t  than conven- 
t i o n a l  a l l o y s  t o  a t t ack  by K above 900°C a s  determined from preliminary data .  
The corrosion r e s i s t ance  of Nb-l%Zr has been evaluated i n  ref luxing capsules 
containing K a t  900-12OO0C f o r  periods up t o  3000 hours [93-951. 
t a b  i n s e r t s  have genera l ly  been negligibly corroded. However, meta l l ic  de- 
p o s i t s  a t  t h e  vapor-liquid in t e r f ace  were observed i n  small screening t e s t  
capsules  [93];  these  depos i t s  were found only i n  capsules which had deformed 
during tes t ,  N b  a l loys  containing W, Z r  and/or Y have been t e s t e d  i n  both re- 
f lux ing  capsules and na tu ra l  c i r cu la t ion  loops which operated up t o  1 2 O O O c .  
The corrosion behavior of these  al loys was similar t o  t h a t  of N b - l Y a r  [93,94]. 
It i s  s i g n i f i c a n t  t h a t  carbides  i n  a l l  of t h e  r e f r ac to ry  a l l o y s  t e s t e d  t o  da te  
have been unaffected by long term exposures t o  high temperature K. However 
a c t i v i t y  grad ien t  migration of i n t e r s t i t i a l s  has occurred i n  K loops containing 
d i s s imi l a r  a l loys .  N b  and i t s  a l l o y s  tend t o  g e t t e r  both N and C from austen- 
i t i c  s t a i n l e s s  s t e e l s  o r  Co-base a l loys ,  lowering t h e i r  d u c t i l i t y  [96j ,  whereas 
Mo-$ Ti tabs  i n  Haynes 25 loops ge t te r  only C i n  the presence of Zr tabs  - 9 0 1 .  
Capsules and 
Oxygen i n  K r e a c t s  with refractory metals such as N b  and Ta t o  pro- 
duce surface oxide layers  a t  low temperatures and t o  increase the  0 content of 
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t he  s o l i d  metal  a t  higher temperatures, So lub i l i t y  s tud ie s  of Mo and Nb i n  K 
have shown a s t rong e f f e c t  of 0 i n  the  aolvent. The apparent s o l u b i l i t y  of MO 
i n  K a t  1095OC increases  l i nea r ly  with 0 addi t ions  from 200 t o  5000 ppm [76],  
This behavior was a t t r i b u t e d  t o  the  formation of a mixed oxide i d e n t i f i e d  by x- 
ray d i f f r a c t i o n  a s  K2Mo04" The apparent s o l u b i l i t y  of Nb i n  K a t  400 and 60Ooc 
likewise increases  with t h e  amount of 0 added t o  K [97]. 
9, Rubidium and C e s i u m  
The da ta  ava i lab le  on corrosion of mater ia l s  by Rb and C s  a r e  less 
extensive than t h e  da ta  on t h e  other a l k a l i  metals and are pr imari ly  qua l i t a -  
t i v e ,  
Rubidium corrosion has been s tudied up t o  l l O O ° C ,  I n  Ta and Haynes 
25 r e f l u x  capsules containing T i - Z r  ge t t e r ed  Ftb, t he  Ta capsules were at tacked 
whereas in se r t ed  tabs of Be, V, N b - l Z r ,  Mo-l/2Ti and Haynes 25 r e s i s t e d  corro- 
s ion  a t  l l O O ° C  [30]. So lub i l i t y  experiments performed i n  Ta c ruc ib les  w e r e  in-  
conclusive.  A Nb-1Zr  test conducted a t  1000°C [98] i n  a forced-convection boil- 
ing loop containing T i - Z r  ge t te red  Rb ,  has not shown corrosion a f t e r  700 hours, 
Cesium corrosion has  b e e n  s tudied up t o  17OO0C. Below 1000°C, most 
of the common engineering a l loys  [99-1021 and the  unalloyed re f rac tory  metals 
[99,101,103] were moderately corrosion r e s i s t a n t ;  TD N i  was at tacked a t  1000°C 
[31,100]. 
BeO) w e r e  corrosion r e s i s t a n t  u p  t o  l l O O ° C  [99,104-51. Nb-1Zr  [100,101] and Ta- 
8W-2Hf [lo61 appeared t o  r e s i s t  a t tack  a t  137OOC i n  non-gettered C s ;  Mo [loo, 
1031 a l l o y s  w e r e  a t tacked a t  t h i s  temperature and Nb-1Zr  showed in te rgranular  
pene t ra t ion  a t  1000°C [105]. W-25 R e  w a s  s a t i s f a c t o r y  up t o  170OoC [lo31 i n  
non-gettered C s .  
10 0 Mercury 
I n  a series of r e f lux  capsule tests c e r t a i n  ceramics (A1203,  MgO and 
The corrosion res i s tance  of containment materials f o r  Hg l iqu id  and 
vapor is being reexamined because of i t s  planned use as a working f l u i d  i n  ' 
space power systems. Reflux capsule tests [107-109) have confirmed t h a t  cor- 
ro s ive  a t t a c k  by Hg is  a funct ion of t h e  s o l u b i l i t y  of t h e  cons t i tuents  of an 
a l loy .  Owens and Nejedlik [ lo71 arrange the  r e l a t i v e  s o l u b i l i t i e s  of elements 
i n  H g  i n  t h e  following order,  Mn>Ni>TiXr>Be>SiXo>Fe>V>Mo>W>Nb>Ta based on cor- 
ros ion  da ta  a t  48OoC. 
a t  65OOC: T i  215, Z r  195, N i  120, C r  27, Co 1.1, Fe 0.75, Nb 0.04 and Ta <0.002 
Corrosion tests have demonstrated t h a t  t he  r e l a t i v e  res i s tance  t o  a t -  
Weeks and Fleitman [ l l O ]  measured s o l u b i l i t i e s  ( i n  ppm) 
tack  is  f e r r i t i c  steels Xo-base a l loys  >aus t en i t i c  s t a i n l e s s  s t e e l s ,  which 
order  i s  expected on the  b a s i s  of the s o l u b i l i t y  of cons t i tuents .  The e f f e c t  
of t h e  inh ib i to r s  T i  and Z r  have been evaluated on carbon s t e e l ,  low C r  s t e e l s  
and Haynes 25 [lll]. Corrosion res i s tance  of t h e  above i s  markedly improved 
by addi t ions  of both T i  o r  Z r ;  Z r  is t h e  more e f f ec t ive  inh ib i to r  i n  capsules,  
a l l  l i qu id ,  and boi l ing  loops. Wang [112] has s tudied inh ib i t i on  of corrosion 
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of T i  by Z r  and N i  addi t ions  t o  Hg. I n h i b i t o r s  
corrosion,  however, pa r t i cu la r ly  i n  t h e  bo i l ing  
No a t t a c k  o r  weight l o s s  was found i n  
c 
do not completely el iminate  
systems. 
r e f  lux capsule tests ( l i qu id  
59OoC, vapor 7OO0C) containing W, Mo,  Ta and N b - 1 Z r  t abs  [107]. Scheuermann e t  
a l .  [ lo81 obtained the  same r e s u l t  i n  5000 hour 7OO0C t e s t s  with Ta and N b - 1 Z r .  
Nejedl ik 's  observations a l s o  agreed with t h e  above. When Nb-1Zr was t e s t e d  i n  
a bo i l ing  convection loop (bo i l e r  and condenser a t  65OoC, superheater a t  760°C), 
no m a s s  t r a n s f e r  was noted: however, cracks developed a f t e r  7700 hours i n  the  
bend of t he  superheater sec t ion  [ l o g ] .  Subsequent tests [ l l O ]  demonstrated 
t h a t  cracking occurs i n  Nb-Zr a l loys  a t  600-760°C i n  bend areas:  some leaching 
of Z r  accompanied cracking. The long-term behavior of T a  [ l o g ]  i n  a bo i l ing  
convection loop ( b o i l e r  and condenser a t  65OoC, superheater a t  76OoC) is  being 
determined. A gamma graph taken a f t e r  11,000 hours shows no corrosion o r  me- 
chanica l  f a i l u r e .  
Several  vapor impingement tests conducted by B l e i l  [113] (ve loc i ty  
305 m / s e c ,  Hg vapor 88% qua l i ty )  gave high weight losses  of M o  a l l o y s  and show- 
ed good res i s tance  of Dynacut and S t e l l i t e  6B. 
11. Plutonium Fuels 
Plutonium 2.5 w/o Fe [114-1171 was used i n  the  f i r s t  two cores  of t he  
Los Alamos Molten Plutonium Reactor. The f u e l  w a s  contained i n  pure and low 
a l l o y  Ta casings.  In te rgranular  penetrat ion of Ta  by Pu, s i m i l a r  t o  the  a t t a c k  
of 0-contaminated Nb by L i  resu l ted  i n  PU contamination of t h e  Na coolant .  
The penetrat ion mechanism r118] w a s  s tudied i n  capsules  (2/3 f u l l  of 
the  Pu 2.5 w/o Fe a l l o y )  fabr ica ted  from unalloyed Ta, Ta-W a l loys ,  Ta + i n t e r -  
s t i t ia ls  and welded Ta over t he  temperature range 500-700°C i n  Z r  hot-trapped 
convectively-circulated Na loops. 
The r e s i s t ance  t o  penetrat ion of t h e  mater ia l s  t e s t e d  was determined 
by the  percentage of capsules f a i l i n g  a f t e r  f ixed t i m e s :  i n  t he  temperature 
range 600-700°C t h e  number of f a i l u r e s  increased a s  follows: (1) double a r c  
melted unalloyed Ta (highest  C conten t ) ,  ( 2 )  electron-beam melted unalloyed Ta, 
(3) Ta + 0.75% W + Y, (4) Ta + 0.1% W. Fa i lures  i n  welds were independent of 
method of t he  process used (electron beam o r  W i n e r t  gas ) .  
The study of t he  e f f e c t  of i n t e r s t i t i a l s ,  as ide  from demonstrating 
t h a t  increasing N content  increased b r i t t l e n e s s ,  proved t h a t  high 0 alone re -  
su l t ed  i n  an abnormal increase i n  penetration. Heat treatment of unalloyed Ta 
specimens containing 60 ppm C showed conclusively t h a t  a one hour heat  t r e a t -  
ment between 1450-1600°C markedly improved t h e  res i s tance  t o  penetrat ion.  This 
heat  treatment r e s u l t s  i n  increased grain-boundary p r e c i p i t a t e  (probably Ta C) 
and an increased hardness. This gra in  boundary p r e c i p i t a t e  i s  bel ieved t o  
change the  inequal i ty  of the  surface tension r e l a t i o n  from v B > 2 v  SL (Pu pene- 
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by in te rpos ing  t h e  p r e c i p i t a t e d  phase between ad jacent  Ta g ra ins  [118]. 
0 I n  the new co re  i n  addition t o  t h e  Pu 2.5 w/o Fe, a f u e l  composition 
34 w/o Pu, 10 W/O CO, 56 w/o Ce w i l l  be used. 
nary experiments is  less cor ros ive  t o  Ta than  Pu-2.5 w/o Fe. 
1 2 .  Conclusions 
The l a t t e r  f u e l  i n  the prel imi-  
Since 1958 t h e  U.S. Liquid Metals Program has been pr imar i ly  d i r e c t e d  
a t  the development and t e s t i n g  of mater ia l s  f o r  h igher  temperature appl icat ions.  
I n  the Sodium Components Program the engineering tes ts  t o  determine t h e  long 
t e r m  behavior of containment a l loys  have shown tha t  the 65OoC temperature range 
is  f eas ib l e .  
I n  t h e  nuclear a u x i l i a r y  power program r e f r a c t o r y  a l l o y s  show promise 
f o r  containment of l i q u i d  L i .  Refractory a l l o y s  also appear s u i t a b l e  f o r  power 
conversion systems using bo i l ing  K, N a ,  Rb, C s  and H g .  
The confirmation of the importance of impur i t ies  ( i n  t h e  l i q u i d  
m e t a l s  and the containment a l l o y s )  on t h e  cor ros ion  process has r e su l t ed  i n  
advances i n  t e s t i n g  and a n a l y t i c a l  techniques. Although t h e  p rec i s ion  of i m -  
p u r i t y  analyses and the monitoring techniques of t h e  l i q u i d  have been improved, 
accuracy remains uncer ta in  because of t h e  lack  of c a l i b r a t i o n  standards.  U s e  
of x-ray fluorescence and microprobe techniques have de l inea ted  t h e  s u b t l e  sur -  
face  e f f e c t s  due t o  corrosion. 
From t h i s  review t h e  authors conclude tha t  those engineering programs 
which show the best progress are the  ones complemented by basic studies.  
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